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SUMMARY

Resultsarepresentedforthesecondseriesof torsiontestson
aluminum-alloystiffenedcircularcylinders,thefirstserieshaving
beenreportedinNACAARR4E31. Thecylindersweresimilarinconstruc-
tionexceptthatthewallthicknesswas0.020inchforthefirstseries
and0.032inchforthesecondseries.

Thesignificantobservationsfrombothseriesof testsaresum-
marizedandsomecomparisonsaremadewithmorerecenttheoreticalwork.
Ingeneral,themesmobservedshear-bucklingstrengthsof thecurved0 sheetpanelsagreedwellwiththoseindicatedby thetheoreticalsolu-
tionof NACATN’s13~and 1348.Anempiricalequationispresented
showingtherehtionobservedbetweenaveragecompressivestressesinthe.
longitudinalstiffenersandtorquesinthetension-fieldrange.Some
analysisof longitudinal-stiffenerfailuresisalsoincluded.

INTRODUCTION

A studyofthestrengthcharacteristicsof aluminum-alloy211S-T3
stiffenedcircularcylindersloadedintorsionwasbegunatAluminum
ResearchLaboratoriesduringWorldWsrII. Thesetestswereconducted
intwoseries.Theresultsofthefirstseriesoftests,madeon
cylinders30 inchesindiameterandhavinga nominalwallthicknessof
0.020inch,werereportedin1944(reference1). Theresultsofthe
secondseries,madeon cylinderssimilarin constructionto thoseof
thefirstgroupexceptthatthewallthicknesswasnominally0.032inch,
aregivenherein.Thepresentreportsummarizesthesignificanto?xerva-
tionsmadefrombothseriesoftestsandincludessomecomparisonswith
morerecenttheoreticalwork(references2,3, and4).

Theobjectofthisinvestigationwasto obtaininformationonthe
shear-bucklingresistanceandtension-fieldbehaviorof aluminum-alloy

* stiffenedcircularcylindersloadedintorsion.
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Thisworkwasdoneby theAluminumCompanyofAmericaandhasbeen
●

madeavailableto theNationalAdvisoryCommitteeforAeronauticsfor
publicationbecauseof itsgeneralinterest. ,

Specimens

Thespecimensforthesetestswerecircularcylinders,formedof
0.032.by 36- by 96-inch2hS-T3sheet.Themeandiameterwas30.08inches
andtheover-alllength,36inches.Figure1 givestheessentialstruc-
turaldetails.Theringstiffenersweremadeof 1/2-by l/2-inch24s-T4
squarebars,shapedcoldto approximatesizeinformingrolls.After
fomning,theringsweresplicedandmachinedto obtaintherequired
diameter.Thelongitudinalstiffenerswereformedof0.032-inch24S-T3
sheet.Figure1 showsthenominaldimensions.Oneofthesestiffeners
wasusedatthelongitudinalseamofallspecimensinordertoprevent
thewavinesswhichmightotherwiseoccurin a longthinlapjointhaving
a largenumberofcloselyspacedrivets.Theendbulkheadringswere
madefrom3/8-inch-thicksteelplates.

Twelvecylindersweretested.Fourofthespecimenshadno longi-
tudinalstiffenersexceptfortheoneatthelapjointinthesheet. c
Fourotherspecimenswerefittedwitheightequallyspacedlongitudinal
stiffenersandfourwerefittedwithsixteenequallyspacedlongitudinal
stiffeners.Thefourcylindersofeachgroupincorporatedsixdifferent .
spacingsof ringstiffenerssothata totalofeighteendifferentsizes
of curvedsheetpanelswerestudied.Thestiffenerspacings,theaverage
measuredsheetthicknesses,andthespecimennumberdesignationsare
shownintableI andalsointhesketchesinfigures17,18,and19.
Photographsofthespecimens,takenafterfailure,areshowninfigures2
to 13.

PROCEDURI

MethodofLoading

Figures14and15showtheloadingfixtureinwhichthetorsion
testsweremade. Thisequipmentconsistedoftwosimilarstructural
steelframeshavinga depthof3 feetand6‘inchesatthecenterandan
effectiveleverarmof 12feetand1/8inch.Oneframewasheldagainst
rotationby anchoringittothefloorbymeansofboltsusedinfloor
inserts;theotherwasrotatedby meam of loadingscrews so arrangedas
topullinoppositedirectionsattheends.Sphericallyseatednuts
wereprovidedateachendofbothloadingscrewsto accommodatethe
rotationoftheframe. /’ 6-
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● Theforcesattheendsofthemovableframeweredeterminedby means
ofan aluminum-alloydynamometerlinkhavinga capacityof5000pounds.
Thisforce,. appliedinoppositedirectionsattheendsoftheloading
frsme,provideda msximumtorquecapacityofabout60,000foot-pounds.
Calibrationofthedynamometerindicateda linearrelationbetweenload
anddeflectionthroughouttheentireworkingrange(o.236-ti. deflection
formOO-lbload).Deflectionswereestimatedbymesnsofa dial
indicatortothenearest0.0001inch,correspondingto a torqueof about
25fOOt--p0~ds.

Theapplication
theloadingscrews.
necesssrytoprovide
inthessmerelative
astorquemighthave

oftorquerequiredtwooperators,oneat eachof
Sincethecenterofrotationwasnotfixed,itwas
somemesnsofkeepingthetwoendsofthespecimen
position,otherwisesometransversebendingaswell
beenapplied.Figure16showsthebarwhichwas

mountedonthelongitudinalaxisofthespecimento serveasa reference
formaintainingtheproperpositionrelativeto thefloor.Bykeeping
a dialindicatorattherotatingendina positionwhereitcouldbe
viewedby oneloading-screwoperatorduringtheapplicationoftorque,
itwaspossibletokeeptheverticalpositionofthecenterofrotation
constantwithin0.001or0.002inch.Readingsweretakenat intervals

● atthefixedendofthespecimenuntilitwasdemonstratedthatfor
practicalpurposesthesemovementswerenegligible.

. Althoughtorquewasappliedin incrementsinalltests,itwas
generallynotpracticalto attemptto applydefinitepredeterminedvalues.
Thezeroreadingforeachcasewasobtainedwiththespecimensuspended
looselybetweentheloadingframesinordertoeliminateaccidentaland
unknownclampingtorques.Afterthespecimenwasboltedinplace,the
loadingsrmwasrotateduntila dynamometerreadingapproximatelyequal
tothatdesiredwasobtained,afterwhicha finaladjustmentforcylinder
positionwasmade.

Whenbucklingtorqueswerebeingdetermined,itwasnecessaryto
watchthedynamometerdeflectionreadingscloselyinorderto catchthe
maximumvalues,sincethetorquesfelloffas soonasbucklingoccurred.
Itwasgenerallynotpossiblefromvisualobsenationtopredictwhen
thisbucklingwouldoccur.Inthespecimenshavingringstiffenersonly,l
anincreaseintheangleoftwistafterbucklingresultedonlyin a
furtherdecreaseintorque.Iftheangleoftwistwasreturnedto zero,
however,a torquereadingapproximatelyequaltotheinitialbuckling
valuewasobtainedwhenthesheetsnappedbackto itsoriginalcurved
form.In specimenshaving8 or 16longitudinalstiffenersinaddition

%he longitudinalstiffenerusedattheseaminallspecimenswas
● notconsideredeffectivein increasingshear-bucklingresistance.

.
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to ringstiffeners,thissuddenbucklingaction
offofthetorqueoccurredrepeatedlyuntilall

NACATN 2821

andsubsequentfalling
panelswerebuckled.

Allofthespecimenswithlongitudinalstiffeners,exceptcyl-
inders11and12,wereloadedmorethanonce,thefirstloadingbeing
carriedonlyfarenoughto causebucklingoftheleaststablepanels._
Thisloadgenerallydidnotcausebucklingofallpanels,evenforthe
cylinderswhosepanelswereallofthesame.~ize.Criticalloadsfor
thestifferpanelsweredeterminedinsubsequentloadings.Thecylinders
having8 or 16longitudinalstiffenerswerefinallyloadedtoultimate
failure,or,aswasthecasewithspecimen12,untiltheloadcapacity
ofthetestingapparatuswasreached.

Measurements

Inadditiontovisualobservationsofthebehavior
andthedeterminat-ionofbucklingandultimatetorques,
weremadeofover-alltwistandofstrainsinthesheet
stiffeners.

ofthecylinders
measurements
andlongitudinal

●

.

—

Thetwistsweredeterminedby meansof a 10-inchlevelbar,usedin
themannerindicatedinfigure16. Thisinstrument,equippedwitha

●

45-secondbuhbleanda micrometerscrewgraduatedinO.001-inchintervals, -
wassensitiveto changesinslopeofabout1 partin50,000.Therefer- h
encebarsforthesemeasurements,whichalsoservedto supporttherefer-
enceusedformaintainingverticalposition,werelocatedontheinside

—

faceoftheendbulkheads.Theeffectivelengthof specimenwasassumed

tobe 3% inches,orthedistancebetweenbulkheadcenters.

Strainsin thesheetweremeasuredbymeansofBaldwln-Southwark
SR-4typeR-1wire=resistancestrainrosetteg.Measurementsof average
compressivestraininthelongitudinalstiffenersweremadeby meansof
a 10-inchWhittemorestraingage. ..

Torque-twistcurves
figures17,18,and19.

ResultsandDiscussion

forthevariowspecimensareplottedin
Althoughinsomecasesdifferentportionsof

—

thesecurvesweredeterminedf~m differentloadingcycles,thetorque-
twistrelationshipsobtainedinthefinalloadingdidnotappeartobe
materiallyaffectedby thepreviousloadings.

Thetorque-twistcurvesinfigures18and19forthecylinderswith
morethanonelongitudinalstiffenerindicatefourdistinctstagesin ●✎ ✿✎

●
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thebehaviorofthecylinders:(1)Therangeof shear-resistantaction
beforebuckling~inwhichtherelationbetweentorqueandtwistis
linear;(2)thebucklingrange,wherethereisa msrkeddecreasein
torsionalstiffnessuntilthesheetisstretchedto thepointwhereit
iscapableof transmittingshearby diagonaltension;(3)theteMion-
fieldrangeinwhichthesheariscarriedprincipallyhytensioninthe
sheetandanapproximatelylinearrelationbetweentorqueendtwistis
againobtained;and(4)ultimatefailure,which,forthesecylinders,
occurred-bycollapseof thelongitudinalstiffeners.

ActionbeforeBuckling

Thestraight-lineportionsofthetorque-twistcurvesbefore
bucklingshowgoodagreementwithcalculatedvalues,alsoshownin
figures17,18,and19,basedontheformula

(1)

where

e over-alltwist,radians

T torque,foot-pounds

L
()

length,inches3%

D meandiameter,inches

G modulusofelasticity

(30.08)

inshear,psi(4,000,000)

t sheetthickness,inches

In caseswherestrainsweremeasuredinthesheetthecorresponding
stresses,basedona modulusof elasticityof 10,6OO,OOOpsianda
Poisson’sratioof 1/3,showedgoodagreementwiththecalculatedaverage
she= stressesdeterminedby thefollowingformula

24T~=— (2)
nD2t

.

●

where T is averageshearstressinpoundspersquareinch.
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BucklingofCurvedPkinels

Thetorque-twistcurvesin figures17,18,and19showthatfairly
welldefinedranges of bucklingactionwere.obtainedinnmstcases.
Sincebucklingdidnotoccursimultaneouslyinallpanelsofthesame
dimensions,thebucklingtorqueforeachsizeofpanelwastakentobe
theaverageofthetorquesfortheindividualpanels.Afterthefirst
buckling,somepanelsbecameunstablesubsequentlyat lowervaluesof
torque.Thecriticaltorqueforthesepanelswas.gssumedtobe the
highesttorquewhichtheywithstoodwithoutbuckling.

Thevaluesofmeaabucklingtorqueand”thecorrespondingcalculated
shearstressesfortb variouspanelpropo~ionsarelistedintableI.
Alsoshowninthetablesrevaluesobtainedfromthecritical-shear-
stresscurvesofBatdorf,Stein,andSchildcrout(references2 and3).
Inapplyingthetheoreticalsolution,thepaneldimensionswerecon-
sideredtobe measuredfromthecenterlinesofthestiffeners,andthe
edgeswereassumedto%e hinged.Withtheexceptionofthesmallest
panel(6 by 5.9in.)thetheoreticalbucklingstressesareallwithin
10percentofmeasuredvalues.Thecalculatedcriticalstressforthe
smallestpanelwasabout17percentlessthanthemeasuredvalue.

Theagreementbetweentheoreticalandmeanobservedshear-buckling
6

stressesisalsoshowninfigure20,inwhichtheexperimentalvalues
wereadjustedasindicatedto correspondto a nominalthicknessof .
0.032tich.A similarcomparisonisshowninfigure21 forthetest
resultsoncylindersof0.020-inchsheet,reportedinreference1.
Exceptforthesmallestpanels,theagreement
indersalso.

Tension-FieldAction

iscloseforthesecyl-

Shellstresses.-Measurementsof straininthesheetattoraues
appreciablyabovethebucklingtorqueweremadeforonlytwoof{he
cylinders,2 and12. Theser=sult6followedthesamegeneraltrendas
thosereportedinreference1. Maximummidplanetensilestresses in
thesheetatthecenterofthepanels,correspondingto torquesjust
belowthemaximumtestvalues,rangedfrom1.9to3.4timesthe
calculatedaverageshesxstresses.Thecorrespondingmeasuredcompres-
sivestressesrangedfromapproximatelyzeroto thecalculatedaverage
shearstress at thebucklingtorque.

Longitudinal-stiffenerstresses.-Themeasuredstressesinthe
longitud~nalstiffeners,plottedinfigure22,areofparticularinterest
becauseallexcepttwoofthestiffenedcylindersofthisandtheprevious
series failedby collapseofthelongitudinalstiffeners.Inorderto .

.
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makecomparisonsbetweenmeasuredandcomputedvaluesof longitudinal-
stiffenerstress,theresultsfromthisandtheearlierseriesof tests
(reference1)werereplottedinfigure23. Valuesarenotshownin
caseswherethe10-inchgagelengthoftheWhittemorestraingage
extendedovermorethanonesizeofpanel,exceptforthe9-inch-long
centralpanelsof specimens11and12.

Thedashedlinesinfigure23representstiffenerstressescomputed
by thesemiempiricalmethodofKuhnsndGriffith(reference4).2 It
willbe notedthatthemeasuredstressesaregenerallyhigherthanthe
computedvalues;inseveralinstancesthemeasuredvaluessremorethan
twiceashigh. Thesedifferencesprobablyresultedfromthefactthat
theproportionsofthecylindersweredifferentfromthoseusedinthe
testsonwhichthemethodinreference4 wasbased.Theprimarydif-
ferenceisthattheratiosof sreaof sheetto areaofstiffenersin
thisinvestigationwereconsiderablygreaterthanthoseinthetests
reportedinreference4.

Thesolidlinesin figure23 arevaluescomputedbymeansof sn
empiricalformulawhichwasfoundto givereasonableagreementwiththe
measuredstiffenerstressesinthesetestsaswellasthosereportedin
reference40 ihthenotationemployedinreference4,thisformulais

“w‘:(’-:’cr) (3)

where

‘ST averagestressin longitudinalstiffener,psi

h spacingof longitudinalstiffeners,inches

d spacingofringstiffeners,inches

‘ST cross-sectionalareaof longitudinalstiffener,squareinches

t thicknessofsheet,inches

T averageshearstressin sheet,psi

‘cr shear-bucklingstressforpanels,psi

2Thecurvescomputedby thisn&hod forcylinders14,15,20,and21
sremerelyrep~ottedfromreference4.



8 mcATN2821

Thevalueoftheratioh/d inequation(3)istakentobe 0.8if
.

theactualratioexceedsthisvalue.

Figure24 showsa comparisonbetweenthemeasuredstiffenerstresses
.

reportedinreference4 andthecomputedvalue_sdeterminedfromequa-
tion(3),aswellasby themethodofKuhnandGriffith(reference4).

Inviewofthesimplicityof equation(3)anditsagreementwith
theavailabletestresults,itisbelievedthatthisexpressionfor
stiffenerstressmayhavesomeapplicationin-theanalysisoftension-
fieldactionincurvedsheetpanels.

UltimateTorsionalStrengths

Themaximumtorquesforthevariousspecimensandtheaverageshear
stressesat failuresrelistedintableII. Aho giveninthetableare
values of estimatedaveragecompressivestressinthelongitudinalstif-
fenersat failure,obtainedby extrapolatingthecurvesofaverage
measuredstiffenerstresstothemsximumtorqueas showninfigure22.
Forcylindershavingtwosizesofpanels,thestresslistedintableII
isthelargerofthetwovaluesindicatedfromthemeasurements.In
eachcasethelargerstresswasmes.suredatthecentralpanel.Whereall
thepanelsof a cylinderwerethesamesizetheaveragestiffenerstress
atfailurelistedintableH isan averageofthetwovaluesindicated
by themeasurements.

Inthefirstseriesoftests(reference1)itwasfoundthatthe
averagestiffenerstressesat failureagreedfairlycloselywiththe
msximumstressesdevelopedby individualstiffenersectionstested
separatelyas flat-endcolumns,wherethelengthoftheseparatestif-
fenersectionswasequaltothespacingofringstiffenersonthe
cylinders.

Figure25 showsthatthemaximumstressesdevelopedinthestiffeners
ona numberofthecylindersinthissecondseriesoftestswerealsoin
agreementwiththecolumnstrengthsofindividualstiffenersections.
Wherethereweresignificantdifferencesbetweenthesevalues,thestif-
fenerstrengthsdevelopedonthecylinderswerehigher.

Inviewoftheagreementbetweenthecolumnstrengthof individual
stiffenersectionsandtheaveragestiffenerstressesatfailureofthe
cylinders,methodsof calculatingsuchcolumnstrengthsareof interest.
Figure25 showsfourpossiblecalculatedcolti“curves,basedonthe
followingassumptions:(a)Thestringerfails__asamaxiallyloadedflat-
endcolumn,freeto twistabouttheshearcenter,(b)thestringerfails
asansxiallyloadedsimplysupportedcolumn,forcedby thesheetto

.“

—

.-
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twistaboutatI.
andthesheet,
column,forced

axisthroughthe
(c)thestringer

lineof attachmentbetween
failsasan axiallyloaded

by thesheettotwistaboutan axisthrough

9

thestiffener
flat-end
thelineof

. attachmentbetweenthestiffenerandthesheet,and(d)thestringer
failsasanEulerflat-endcolumnbybendingabouta& x-xassh&n
infigure2’5.Failurein eithercase(a),(b),or (c)isby lateral
torsionalbucklingandthecriticalloads~ybe calculatedlythe
methodsgiveninreference5. Thecross-sectionpropetiiesanddimen-
sionsusedweretheaveragemeasuredvaluestakenfromreference1 and
showninfigure25. Thecalculatedcolumn-strengthcurveforcase(d)
wasextendedintotheplasticstressrangeby meansofthestraight-line
formuk(reference6). Curvesforcases(a),(b),and(c)wereextended
intotheplasticstressrangeby straightlinesdrawnfromthesame
interceptontheaxisat L = O to pointsoftangencyon theelastic
bucklingcumes.

Theassumptionsonwhichcurve(a)isbasedre~resentthetest
conditionsforthestiffenersloadedseparatelyasflat-endcolumns.
Thecurvegivesreasonableagreementwiththosetestresults.The
assumptionsforcurve(b),whichfallsverycloseto curve(a),sre
probablymorenearlyrepresentativeoftheconditionsofsupportforthe
stiffenerson thecylinders.Fiveof theninetestvaluesofultimate

. stressforstiffenersonthecylindersarewithin18percentof strengths
indicatedbycurve(b). Theotherfourtestvalueswereappreciably
higherthancurve(b).

SUMMARYOF RXSULTS

Thetorsiontestsof aluminum-alloystiffenedcircularcylinders
describedinthisreportcomprisethesecondoftwoseriesof suchtests,
thefirstserieshavingbeenreportedinNACAARR4.E31.Thefollowing
summarizationisbasedon ananalysisofbothseriesof tests:

1.Ingeneral,themeanobservedshear-bucklingstrengthsof the
curvedsheetpanelsagreedwellwiththoseindicatedby thetheoretical
solutionofBatdorf,Stein,andSchildcrout(NACATN’s1344and13k8),
assuminghingededgesandtakingthepaneldimensionstobe thedistances
betweencenterlinesof stiffeners.

2.Theaveragecompressivestressesmeasuredinthelongitudinal
stiffeners,inthetension-fieldrange,showedreasonablygoodagreement
withthosecomputedby emempiricalstraight-linerelationship.

3. Allofthecylindershavinga wallthicknessof0.032inchand
8 or16 longitudinalstiffenersfailedbycollapseof thesestiffeners“

.



10 NACA‘i!N28ZZ

.

withtheexceptionof cylinder12,forwhichtheultimatestrength
exceededthecapacityofthetestingapparatuy.

-. —
Threeofthefom

cylindershavinga wallthicknessof0,020inch,anddevelopingtension- .
fieldaction,alsofailedinthismanner.

4. Infiveofninecasestheaveragelongitudinal-stiffenerstresses
atfailurewerewithin18percentof compressivestrengthscalculatedfor
individualstiffeners,assumingthatthestiffenersweresimplysupported
attheringsandfailedby twistingaboutthelineof attachmentbetween
thestiffenerandthesheet.Intheotherfourcasesthetestresults
wereappreciablyhigherthanthosecomputedonthebasisindicated.

AluminumResearchLaboratories
AluminumCompanyofAmerica

NewKensington,Pa,,October16,1951
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Specimen

2
5
8
11

2
9
1.2

TABIE II

TORRIONllZS!lllENGTRSOF 24S-T3CYLUWER3HAVINGEOTHRINGMUl

Sheet
thickness

(in.)

0.032
.0325
.033
.0325
.032
.033
.0315
.0325

Number of
longitudinal
stiffeners

Rillg-
atiffener
spacing for

central panela
(in.)

$

M!

3:
16
I_2
9

Strea0e6 at msximum torque

17,2Q0 4,5(X) 23,000
27,700 7,200 26,0co
34,000 8,700 41,000
40,000 L0,400 36,000
18,8cm 5,0co (a)
44,2co 11,300 17,000
53,6oo 14,400 31,500
~57,600 15,000 31,000

%ollapse of stiffeners occurred shortly after sheet buckled so that strain readings were
not obtained above buckling load.

bspecimen did not fail. All other specimens failed by collapse of longitudinal stiffeners. E
s
1+
=

%
E
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Figure 1.- Details of stiffened circular cylinders for torsion tests.
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Figure 2.- Specimen 1 after failure.
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Figure 3.-Specimen 4 after failure. G



Figure 4.-Specimen 7 after failure.
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Figure 7,.Specimen5 afterfailu~.



Figure 8.-Specimen8 afterfailure.
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Figure9.-Specimen11afterfailure.
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Figure9.-Specimen11afterfailure.
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Figure11.- Specimen6 afierfailure.
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Figure12.. Speckn 9 afterl%llm.
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Figure 13.. Specimen 12 after failure. G
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Figure14.- Tomionloadingfixturehavinga capacityof
60,000foot-pounds.
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Figure 15.- Lcmdandsiaainmeasuri~apparatusfortorsiontestsof
cylinders.
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